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. 

Contemporary theo re t i ca l  representat ions and experimental da ta  
on temperatures of e lec t rons  Te and iom Tiin the  ionosphere are des- 

cribed. It is shown tha t  the temperature equilibrium between Ions  and elec- 
t rons  l a  abeent in the  P-region of the ionolrphere. Data are presented on 
the  dai ly ,  l a t i t u d e  and a l t i t u d e  dependence6 of the e lec t ron  temperature. 
Comparison of caloulated and exper-ntal value6 of T, and X i  attest t o  
the  neueesitj.  of broadening tha d i r eo t  measurement6 of eleatyon and I o n  

temperatures and of aecumnlatlng information on much thermal source6 a6 
the e l e c t r o s t a t i c  f i e l d ,  electromagnetio wave6 and fluxes of energet ic  
pa r t i c l e s .  

* *  

The temperature, concentration and chemical composition per ta in  
t o  the number of fundamental parametere character iz ing the E a r t h ' s  atmo- 
sphere as a whole, as well  ae the iongsphere. A t  the same time* the tem- 
perature Influences t o  a s igni f icant  degree the  d i s t r ibu t ionof  particle 
concentration with height and the subdivision of the atnosphere I n t o  re- 
gions of d i f f e ren t  chemical cornpoiition. 

In r e a l i t y ,  the d is t r ibu t ion  of charged p a r t i c l e s  with height in 
a quasi-neutral ( n i s  &dmnJ bothermic ionoephere, in which only singly 
charged ions are present, is described i n  tho first approximation by the 

following laws E l l :  

* EIXICTRONNAYA I IONNAYA TEMPERgTURP V IONOSFEFtE 



where nj and ne a re  respectively the concentrations of ions and elec- 
Zm n. trons, * m + = d  is the  % e a  lUaS6 of ions and Te 

ly the e lec t ron  and ion ten?eratures, 
and T i  are respective- 

2% 

It is evident t h a t  the cor re la t ion  between the e lec t ron  and ion t e m -  
peratores character izes  also the thermal balance in the ionosphere. 

Temperature neasurements and the ascer ta in ing  of its seasonal, la- 

t i t u d e  and a l t i t u d e  var ia t ions  w i l l  i n d i r e c t l y  help the e s t i x a t e  of t he  
character  and magnitude of thermal sources heat ing the Earth’s atmosphere. 

A l l  t h i s  se rves  as convincing evidence of the impor t ace  of tempe- 
rature inves t iga t ions  f o r  the understanding of the physics of the ionosphere. 

Such inves t iga t ions  are conducted by three fundamental methods 2 

a) d i r e c t  measurements of T, and Ti with the a i d  of devices r a i sed  

b) i n d i r e c t  methods, consis t ing i n  the determination of temperature 
i n t o  the ionosphere with the aid of rockets  and s a t e l l i t e s ;  

fron: the da ta  of other  ionosphere invest igat ions.  
!?he present review w i l l  be only concerned with those ind i r ec t  methods 

which use f o r  i n i t i a l  data the material  obtained from d i r e c t  measurements 
on rockets  and s a t e l l i t e s .  

Se l ec t ing in  pz r t i cu la r  a s p e c i f i c  ionosphere model and u t i l i z i n g  
fornula  (I), the mean t e q e r a t a r e  (T, + Ti)/ 2 

ion a l t i t u d e  p ro f i l e s ;  
is fouad from electron and 

c )  method based upon incoherent radiowave backscattering. 
Inaszluch as the d i r ec t  and ind i r ec t  determinations of e lectron and 

i o n  t e q e r a t u r e s  were conducted to-date for d i f f e r e n t  geographical and phy- 
s i c a l  cooditions,  and because of s t rong  dependence of indirect  or theore- 
t i c a l  determinations of temperatures from the assumed ionosphere model and 
from the knowledge of the in t ens i ty  of thermal sources (such a s t  f o r  example, 
the u l t r a v i o l e t  and corpuscular rad ia t ions  of the  Sun), the  problem of corre- 
l a t i o n  between the ion and electron temperatures w a s  c la r i f i ed  only very 
recent ly  . 

L e t  u6 consider the development of t h e o r e t i c a l  representat ions of 
e lec t ron  and ion temperatures i n  the ionosphere. 



3. 

The ideas ,  upon which the oa lcn la t ion  of e lec t ron  temperatnres are 

founded in all t heo ro t i ca l  uork8, e t  t o  the foUOWbg: a6 a result of 
photoeffe8t under the ac t ion  of Spot6 P l b a v i o l e t  r ad ia t ion  eIectrooi3 form --. 
mainly b t he  100 - 300 km a l t i t u d e  ranga, of whiah the energy exceed6 aon- 
e iderably the the- energy. These electron8 loee p a r t  of t h e i r  energy at 
collisions with srtrrorrnding gas par t ia les .  Bsoapse of sube tan t i a l  bi i fersnoe 
in t he  luls tal- of ions (nj) and electron6 ( l l c ) ) ,  the ene rm t r a n s f e r  from 
photoelectroner t o  the e l ec t ron  gas aay be r ea l i zed  more rap id ly  than to  the  
ionic gae; t h a t  is why the  mean energy, and consequently also the  temperato- 
re of e l ec t rons  may result greater  than t h a t  of ions. 

As follows from the Drukarev work [2], published a.6 far baak as 1946, 
i n  the  F-layer, for which the  s e t t l i n g  time of Maxuellian d i s t r i b u t i o n  fn 
the e l ec t ron  gas 16 s ign i f i can t ly  le68 than the  loss t h e  by photoelectron8 
of r e s i d u a l  energy at e l a s t i c  collisiozm with n e u t r a l  particles and io-, 
the  difference between the electron and ion  temperatures ( (li) 
by the  expression 

is determined 

0 

where 9 is the  c o l l i s i o n  frequency between e lec t rons  and ions, q / n e  is the 

r a t i o  of the number of photoelectrons emerging in l c d  per second t o  the to=  
t a l  concentration of e lec t rons  in the F-layer, and C is the  mean energy of 
photoelectrons in electronvol ts .  

According t o  Drukarevls estimates,  e 3.6 of the order of s e v e r a l  eV 
and the difference between the  e leatron and ion temperatures may be qui te  
not able. 

‘the value of € , j u s t  ae that of q, has not  been determined s u f f i -  
c i e n t l y  prec ise ly  up u n t i l  now; t h i s  is one of the causes of discrepancy 
between the r e s u l t s  of various t heo re t i ca l  calculat ions.  

Thus, for example, lower values of were u t i l i z e d  i n  [3, 41 than 

in [21;moreover,despite the f a c t  t h a t  the ana ly t i ca l  expression f o r  Te 
was similar t o  tha t  obtained in [2], conclusion was derived of the existence 
of a temperature equilibrium i n  the F-layer between the ions and electrons.  



4. 

Such a rspressntatian of tenperatwe rsq1~53.i&ri~r~ i;s the fonoqhre  
per6i6ted through rem recent %beat so long a8 the  r e s p l t s  of experiments 

obtafaed om rocke%6 apd satel l i tear  have not  led t o  the reqnirement o f  i t a  
re consideration. 

b t e n s i v  of u l t r a v i o l e t  rad ia t ion  Io+ f5 - 83, the densi ty  a and ths loom- 
pos i t ion  of pqr t i c l ea  in the atmosphere 19 - 141r having permitted t o  reset%- 
mate the quant i ty  q 

Flaxes of electrons ( -10 emo2. seool* sterad-') with energy > b e v  

were observed i n  pa r t i cu la r  in the 200 - MOkm a l t i t u d e  range 11531 the 
author's asectmption was t h a t  those were "fresh" photoelectron8 which lacked 
the t h e  t o  eome t o  the s t a t e  o f  equilibrium with the gl~rronrrdiag lasdiom; 
Such large f luxes of energet ic  photoelecltrona m u s t  cons t i tu te  evidence fn 

With the aid of rockets and eatellite8,data were obtaiaed on the  

%,an, where d ie the Ionizat ion or088 +section. ' 
8 

favor of high m e a a  energy values t, and aonsequent1y.of 
t w o  equilibrium. 

At tesp ts  t o  Invest igate  the theo re t i ca l  e lec t ron  
rea  were again made irrr 1961 - 1963 C16 - 181 despi te  the 
=cer t a in ty  of numeropB parameters requGeQ for a e t r i c t  
example at  heights  above 235 km). 

A l l  the three temperature mdels were based opon 

absence of tempera- 

and Ion temperata- 
still r e n d n i n g  
computatfon [for 

the  assumption 
tha t  the r a t e  of local heat ing of e lec t ron  gae 
cooling were equal at all heighte.fPhe energy lossee  by photoelectrons a re  
determined by various processes, of which everyone is e f fec t ive  in the spe- 
c i f i c  a l t i t u d e  in te rva l .  For examplet for heights  t o  250 km photoelectrons 
decelerate  t o  thermal ve loc i t i e s  aainly at the expense of m a s t i c  c o l l i -  
sions with neu t r a l  p a r t i c l e s  attended b j  the i o n b a t i o n  and exc i t a t ion  of 
the l a t t e r .  A t  height6 above 250 km the pr inc ipa l  r o l e  in energy lo s ses  is 
played by e l a s t i o  co l l i s ions  with iona and the Coulomb in t e rac t ion  with elec- 
trons. Above ~ 6 0 0 h  the t h e d  r e l a t ionsh ip  between the electrons and the 
atmosphere diminishes on account of rap id  decrease o f  collision frequency 
and the conductance of the electron gari begine t o  play an important r o l e  in 
the losses  of energy. 

and the rate of photoelectron 

The most complete of temperature models is the  Hanson model C171, 
which took i n t o  account not only the l o c a l  heat contribution by photoelectrons 

- 



emerging in tho Z-layor, but also ts. glob3 owrgy croatributbn &or0 wkxn 
by the  ul t rad.olot  radiat ion oa aeeosrt of the* difip.ioa aleng the magnetic 

Io the aaarmption t h a t  the asor= lames by photoelectrons LIT. deter- 
hb.8 Og fQI.8.. 

aPia0d. for the ho-tcr between the F-lilfsr lpha the loo0 km lorel b7 elarrtirr 
uollf.%olu6;rith O++ tho followirrg oxprotrrrloa wae obtaiaed for To C173 t 

where Q - r q ,  and x is the par t  of I d s e t l a  energy of photeelectroae passing 
t o  thermal e a e r m  (of which the Ipaenitube itst incidenta13J1 t o  the greateet  

degree undetermined) ; Tneutr Is the ksperat t l ro  of the neut ra l  gas. 

daytiPlb To /Tj.m 1 (with T i e  TneUt) 4 i n  the 2% - Wktn a l t i t ude  range 

To /Ti 2.5 and e n n  3t strd above 300 lon 4, / T i -  102. A t  height6 > 900 knz, 
where the detenninant r o b  in par t la lo  oolliclion is w e d  by the Couloab 
interaat ion,  the values of the ion temperature molef get nearer those of 
electron temperature ( T e / T i M l )  and tbe ion temperattwo may exaeed t h a t  
of neut ra l  pa r t i c l e s  (Ti > TneUtr). 

aa will be seen fur ther ,  no measurements of Tihave been performed a8 yet. 
Calculatione by H w o n  Cl?], Dalgarno e & f18J correlrpond t o  diurnal  iono- 
sphere in a period of so l a r  aetivitr maxima. Xo calculationa for the night 
ionosphere were performed I n  these works, while within the framework of in- 
dicated models, temperature equilibrium must take place because of absence 
at Pight of a heating eource. 

One of the shortcomings of Haaeoa*s calculat ions is the  imprecise 
accounting of conductance of electron gas, ae t h i s  wa6 recent ly  shown by 
B o w h i l l  and Geisler c193, eubstantfally influencing the a l t i t u d e  dis t r ibu-  
t i o n  of electron temperatures in the so la r  a e t i v i t y  rinhtm. The authors of 

. C191 estimate that this circumstance iS precisely the one t h a t  can lead 
t o  the discrepancy between the experimental and theore t ica l  p ro f i l e s  at 
a l t i t u d e 8  above 200 Ism. 

It follawed from the Hansorr ceaputatione, that, in the E-region i n  

Thie result is exceedingly i n t e r e s t l t g t  inasnmch as a t  great heighte, 

In te res t ing  r e su l t8  concerning the night temperatures in the F-layer 
are also brought up in c193. 



Bewhill and Geisler have eet-ted the magnitude and the ve loc i ty  
of heat influx from outer  regione of the ionoaphere and protonosphere i n t o  
the  F-layer, in nighttime, when the  daytime eource of heating- the ultra- 
v i o l e t  radiat ion-  is excluded and the protonosphere serves as a reservoi r  
from whieh the heat, accumulated in daytime, en te r s  the F-layer along the 
magnetic tubes of force. It follow6 from the calculation6 t h a t  the values 

of thfe flux are suf f ic ien t  for the  explanation of the heating of the  night 
F--er and the absence in it of temperature equilibrium. 

Moreover, lnsamuch ae the  heat flux is materialized along the magne- 
t i c  tubes of force, the conditione f o r  the thermal l ink between the iono- 
sphere and the protonosphere a t  various l a t i t u d e s  w i l l .  be d i f fe ren t ,  and 
a dependence of T, and Tion the geomagnetic l a t i t u d e  must be observed. 

results of theore t ica l  calculations,  t o  what extent they require  experiment- 
a l  a a t e r i a l  f o r  t h e i r  further development and refinement. A subs t an t i a l  
influence on the theo re t i ea l  models may also be exerted by data on other,  
heretofore in su f f i c i en t ly  studied thermal ~ o u r a e e ,  such as fluxes of energe- 
t i c  pa r t i c l e s ,  e l e c t r o s t a t i c  f i e lds ,  hydrodynamic waves and, obviously, all 
the  data on electron temperatures obtained by direct measurements in the  
first place. 

It thus becomes clear, even from such br ie f  descr ipt ions of the 

Let us now pass t o  the description bf ce r t a in  r e s u l t s  of d i rec t  
measurements of T e  and T i a n d  consider t h e i r  re la t ionship  wi th  t heo re t i ca l  
investigations.  

F i r s t  of a l l  we s h a l l  b r i e f l y  enumerate the objects  and devices 
w i t h  the help of which were obtained the results described in the present 
paper. The e lec t ron  t e q k r a t u r e  w a s  measured (1960-1964) on Japanese b g -  

muir spher ica l  sondes) and American (dual dunb-bell type, L a n e  plane and 
cyl indr ica l  sondes) rockets, on s a t e l l i t e s  Explorer-8, Ariel-1 (plane sondes > 
Explorer-17 and Explorer-22 (cy l indr ica l  sondes). 

There were on Cosmos-2 Langmuir cy l indr ica l  sondes f o r  the mewure- 
ment of electron temperature and an ion trap of the 

measuring the ion temperature. It should be noted t h a t  on Cosmos-2 the ion 
tenperatures were measured first (d i r ec t  measurements). About half  a year 

after the  launching of COSIIIOS-2 measurements of ion temperature were carr ied 

type for 



ouf 00 Am8rfo.n rocket8 with the a i d  of & specid]. aethsd utilitjiag 8 

sphe r i ca l  ion t rap.  The ion temperature wan also determined on the  anglo- 

americta s r t e l l i t e  Ariel-1 launched aorcrwhat l a t e r  than Ctsmoe-2, by the 
peak r i d t h  of the  second co l lec tor  current  der iva t ive  o f  the 8phtriCal 
I o n  t r a p ,  

A series of data on t h e  r a t i o  of e lec t ron  t o  ion temperatures Te /Ti 
-re obtsined by t h e  method of incoherent backmatter ing,  T h i s  method became 
fadl iar only after appearance of t he  newest and very powerful highly sen- 
s i t i v e  locator6.  It is based upon the  phenomenon of radiorave s c a t t e r i n g  
on free electrons,  

It urn estimated a t  f i r s t  t h a t  because of thermal ve loc i t i e s  t he  

energy of the received signal muet be d i s t r ibu ted  I n  a frequency band cor- 
responding t o  these ve loc i t ies .  However, t h e  first experimental data L201 

have ehom t h a t  the rrcattered energy equals t he  forecast  one, but the  fre- 
quency broadening is subs t an t i a l ly  l ess  t h a n  the  ant ic ipated.  T h i s  e f f e c t  
um explained c201 by electrostatic i n t e n o t i o n  of  ions and electrons.  
It u88 shorn in a Series of t heo re t i ca l  work8 [ a - 2 3 1  t h a t  t he  spectrum 
width and, indeed, T i  and P must be determined, t h e  ehape of the  spectrum 
being dependent on the  r a t i o  Te /Ti. This f a c t  allowed t o  estimate the 

ratio Te /Tiby the  obtained s c a t t e r i n g  spec t ra ,  and also Ti , provided 
mj l e  known. 
of its shortcomings cons is t s  In the requirement of resorting t o  complementary 
da ta  on t h e  mass content of t he  ionosphere. 

3 

When applying th io  method f o r  t h e  determination of Ti, one 

L e t  us b r i e f l y  review the r e g u l a r i t i e s  of e lec t ron  temperature 
vpr ia t ion ,  as they emerge from experiments, 

DAILY VAR;I;ATIOIUS 

The graphs of t h e  d a i l y  temperature var ia t ions  in the  200- 250 km 
a l t i t u d e  range at 
Explorer-8 L241, Explorer-17 C251, Ariel-1 C261 and Aloue t t ed  C271, are 

presented in Fig. 1. 

geonagne-tic l a t i t u d e ,  p lo t ted  according t o  data from 

A8 follows from t h e  above, measurements were conducted i n  variou. 
years by d i f f e r e n t  methods, all unconditionally ndn-equivalent. 



8. 

Illtitab clectrun profilem -re obtaineO in 2~-ti,=-t1&- OE Uoiaot fe -1  and 

the avorap temporatme u a ~  determined, (Te + Ti) / 2  = Toif, i n  the as- 
trumption that 0' is t he  preyailing ion t o  500 kar height,  Further  i t  uae 
estimated t h a t  3, =Tpff .  It i~ p o s 8 i b l O  t h a t  the f i r s t  mewaption f o r  1962 

incormbet f261, whUe the second, aa rill be seen belor,  is doubtles6 
InvaUd for the diurnal ionosphere3 thas, t he  estimates of To based upon 
the  d a t a  from Alauette-1 are l e s e  reliable than the direct saeamrements em 
the  o the r  eatellites, This is c lear ly  seen from Fig. 1, where according t o  
d a t a  of direct a6e8urementrr the daytime e lec t ron  temperafnre i s  by about 
lo@ higher  than the  nighttime, whereas  for Alouette-1 both, t he  n ight  
and daythee temperatures are about equal. 

Fig. 1, - Dependence of Te on the time of the day 
i n  the 200- 250 km a l t i t u d e  range at 400 geomagne- 
t i c  l a t i t u d e  according t o  data from various AES. 

1 - Explorer-8; 2 - Explorer-17i 3 - Brie1 - 1 ; 
4, 5 - Aloast te-1 

A sharp m a x i m u m  i t 3  noticeable on the  4 curves p lo t ted  i n  Fig, 1 
f o r  t he  d a i l y  courrse of  Te.Taking i n t o  account the  difference in sunrise 
t i m e ,  it is found t h a t  according t o  data  from Explorer-8, Alouette-1 and 
Erplorer-'l7, a sharp r ise  in electron temperature is noted at sunrise .  

In the work C283 the morning maximum of T, i s  explained in cor- 
respondence with formula@) by the  f a c t  t h a t  a t  sumrise the concentration 



9 .  

af charged particles is low, r 5 i l e  LCh6 heat b f l c r r  rhes tshupij .  'uespite 
t h e  f a c t  t h a t  the  u t i l i s a t i o n  of (4) iCr not e n t i r e l y  r5ghtful  inearmch aa 
f o r m l a  (4) is derived for equilibrium and s t a t iona ry  conditione, acl already 
noted aboto, i t  U s  deemed po6sible t o  agree with euch a physical treatamnt. 
In r e a l i t y ,  the concentration of "hot" photoelectron6 increases sharply at 

once after eunri8e and the r a t i o  q/ne  of the concentration of these elec- 
trons t o  the t o t a l  e lec t ron  concentration in morning hour6 has its greatest 
Value, 8t leaat at height8 below the F-layer maximum. I n  the course of t h e  

day q/ne i s  s i g n i f i c a n t l y  smaller and i t  va r i e s  l i t t l e  w i t h  time; t h a t  is 

why Te aust not  vary st rongly through eumet .  

1 I I I I I I I I I I I I 
0 2 4 6 6 &7 f2 f4 f f  ld U 22 24 

ec.pc rhc 
Fig.2.- Dependence of e lec t ron  temperature on the  
time of the  day at various he ights  according t o  the 

da ta  from AES Ariel-1 

H 0 1 8 t e C ,  a 6omewhat d i f f e ren t  da i ly  couree of Te, without sharp 
m a r i n m m  i n  the sunrise period, rae observed a t  the same geomagnetic l a t i -  
tude by AES Arlel-1. It i E  poEsible  t h a t  t h i s  d i s t i n c t i o n  appears aer a con- 
sequence of t h e  fact t h a t  t h e  temperature data from A r i e l - 1  w e r e  obtained 
at po in t s  s p a t i a l l y  dispersed by a d i s t ance  of t h e  order  of 500 ka. T h i s  

l a  i l lnij trated in F i g . 2 a s  a function of l o c a l  t i m e  and according t o  C263. 
It may be seen from t h e  diagram t h a t  the e lec t ron  temperature ha6 a similar 
da i ly  course a t  all a l t i t udes .  

Attention should however be drawn t o  t h e  f ac t  t h a t  i n  t h e  work C263 
t h e  primary mater ia l ,  on t h e  bas i s  of which w a s  ca r r i ed  out  t h e  separat ion 



10. 

of l a t i t u d e ,  longitude and a l t i t u d e  e f f e c t s  acting on the  parametere measu- 
red on t he  sateii ite,  iS represented without eu f f i c i en t  d e t a i l s ,  rhicrh hln- 
dens the r e l i a b l e  estimate of the results obtained d t h  the help of A r i e l - l *  

experinentrr car r ied  out at d i f f e ren t  years, with the  temperarures of the 

n e u t r a l  a tamphere,  determined by meaeuremente on s a t e l l i t e s  and rockets  a t  
height6 below 1OOOka L29, 303 , show8 t h a t  the  d iurna l  e lectron temperatures 

Coaparilron of the values of e lec t ron  temperatures meaeured in the  

a l ~ a p  exceed T,,,tp 

Inasmuch a6 t h e r e  a r e  exceedingly f e w  measurements of Ti and s ince  
Ti 6 Taebtr;, t h e  result6 of simultaneous measurements of temperatures of 
neu t ra l  p a r t i c l e s  and e lec t rons  below t h e  E-layer maximu8 are of greatia- 

ternst. - Such experiments were conducted i n  1962 - 1964 on Atnerican rocket8 
launched from Walloope I s l and  ( 3 9 O  l a t .  E). Te 
sondes and Tneu,.. ma6 determined by t h e  results of measurements of molecu- 
lrr nitrogen w i t h  the  aid of a ms-spectrometer  K31). 

The experiments were conducted ar various times of t h e  day and are 

WSBB measured by Langmuir 

evidence of d i s t inc t ions  i n  the  a l t i t ude  p r o f i l e s  of Te and !Enear , cor- 
reepondhg t o  d i f f e r e n t  i l lumination conditions; however, inmmnch 88 the6e 
results refer also t o  d i f f e r e n t  seasons and years,  they do no r e f l e c t  t he  
t r u e  daily varlatione.  

P a r t i c u l a r  i n t e r e s t  is offered by one of t he  experiments, i n  which 
the  rocket w a s  launched d u r i n g  a t o t a l  solar ec l ipse .  The e lec t ron  tempera- 
tures  meaeured during t h e  ec l ipse  a re  about twice lower than T,corresponding 
t o  normal daytime p ro f i l e s ,  T h i s  may cons t i t u t e  a n  obrAou6 demonstration of 
the  fact  t h a t  t he  u l t r a v i o l e t  radiat ion is  t h e  fundamental source of heating 
for t h e  F-layer . 

We note her8 another, quite important r e s u l t  of these experimente, 
namely t h e  corroboration of absence of temperature equilibrium in the iono- 
sphere. 

The d i u r n a l  e lec t ron  temperatures measured i n  t h a t  experiment exceeded 
In t h e  a l t i t u d e  i n t e r v a l  under inves t iga t ion ,  wi th  the  maximum d i s -  Tneutr 

crepancy of -1000 K (at TneUtr = 800' H) - a t ta ined  a t  230 k m .  A t  night , 
T, a l s o  exceeded TneUtr by about 1 5 0 ° R  (at Tne,tr =600%) 
of Te w i t h  he ight  rae observed. 

and a w e a k  r i s e  



I n  Apr i l  1964 Te w a s  d s c  measured with the aid of Langmuir sonde6 
on two  rockets, launched i n  Mammaguir ( S a h a r a )  i n  tw i l igh t  conditions (at 

sunr i se  and sunse t ) ,  and Tneutr were measured by the emission spec t r a  of 
Na and A l O ,  e jec ted  at  rocket f l i gh t ) .  The 

(See ref. C321). 
As may be seen from the  diagram 

which a t  heights  - 270km Te = 
iFo la t e s  t h i s  r e m l t  from those obtain- 
ed i n  o the r  erperimente, where a m a x i -  
mum difference between T, and Tntutr 
i t ?  uFua1I.g observed i n  the same and 
neirhboring heighta. 

Tneutr 9 

On C O S ~ O B - ~ ,  for example, on 
which a d i r e c t  observation of T i  and 
not Tneutr w a s  conducted at 300 km 

in daytime, i t  w a s  found t h a t  T, = 300O0R 
a d  T i  ~ 1 3 0 0  2 200OK. 

It i s  most probable of a l l  t h a t  

the discrepancy of these results is l i n -  
ked w i t h  the difference o f  l a t i t udes  and 
o f  t he  time of measurements. 

DIURNAL TEMPERATURES 

1. - -lt-iiuge-CtogrgC.- In te res t ing  
date  on the a l t i t u d e  courFe of teriperatu- 
r e s  and of t h e  temperature eauilibrium 
heve  been obtained with the  incoherent 
backscattering method. AccorCing t o  Evans 
c331, dzt ing  from 1961, a t  t h e  l a t i t u d e  

r eau l t s  a re  > lo t ted  i n  Fig.3. 

Fig. 3. - Results of simultaneous 
measurements of  e lectron tempe- 
r a tu re  and of t h s t  of neut rc l  gas. 
1- Tneut (Na) norn.13~pr.1964;  
2 - Eeme For 11 F a r i l  1964. 
5 -  (A101 morn. 1 ?  Apr.1964. 
4 -  evening of 11 April 
5 - Te f o r  morn. of 13 Apri l  1964: 
Solid l i n e  - Te ; dashed 1 - TneUt 
Dash-dotted l i n e  corresponds t o  
the node1 Tneutr 1960- 1964. 

of -500 and i n  t h e  300- 400 km a l t i t u d e  i n t e r v a l ,  T e / T i = 1 . 6 ;  a t  the 

same time there  is a n  a l t i t u d e  dependence, which the  r e s u l t s  of the experi- 
ment do not allow t o  i n t e r p r e t  unambiguously. Evans assumes t w o  p o e e i b i l i t i e s :  
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1) T, /(Pi increases above 3W Ian while Ti SR cone%$ 

2) T , / T i  1 comat, while Te and Ti inc reme  with height,  
According t o  EYW, the last dependence is =ore p laas ib le ,  f o r  

it is corroborated by data on e a t e l l i t e  accelerat ion reveal ing v a r i a t i o m  
of d w t i p e  temperatures of the  neutral gas, and consequently those of Ti 
L343. Analyela of e lec t ron  p r o f i l e s  obtained on Alouette-1 allowa also t o  
bring f o r t h  the  same two assumptione c351. 

The Evans data, obtained i n  1963 experiments again adndt two i n t e r -  
p re t a t ions  dependent on the ~ 8 u m b d  ionosphere m a s 6  content: 

a) T, and Ti increase w i t h  h e i g h t ;  

b )  Te harr a m a x i m u m  a t  450 b, and then decrewee twough 700 m; 

It should be noted t h a t  s ince  Te-  Ti depends r e l a t i v e l y  l i t t l e  
Ti Increases comtlnuously . 
on t h e  ma68 content,  but is dependent at t h e  given height only on heat  5n- 
flow and charged p a r t i c l e  concentration b e e  (411 , the  s t rong  dependence 
on mass content of t h e  determinatioas of Te and T i b y  the  incoherent scatter- 
ing b apparently evidence of t h e  incorrectness  of these determinations. 

Bourdeau C363 aesunee t h a t  t he  var ia t iona  of the  a l t i t u d e  cowwe of 
temperaturea i n  1963 s231 by comparison with 1962 t331 may be explained by 
the va r i a t ion  o f  the  l e v e l  of s o l a r  ac t iv i ty .  

It follows from Fig. 2, brought up above, t h a t  there  e x i s t s  an a l t i -  
tude temperature gradient,  about equal t o  - 0 , 5 ° K / k m  i n  the 1OOO- 1200km 
a l t i t u d e  range, and t o  about l 0 K  /km a t  lower a l t i t u d e 6 .  A6 is  noted in C361 
Willmore attempts t o  explain t h e  a l t i t u d e  course of temperature obtained on 
A r i e l - 1  i n  accord w i t h  t h e  theore t ica l  model by Hansoa c173. If we comaute 
t h e  contr ibut ion Q of heat a t  various he ights  t o  600 km according t o  the 

values of Te and Ti obtained i n  t h e  experiment and t o  formula (41, we 

 hall f ind  t h e  r e E u l t  t b a t  t he  a l t i t u d e  course of Q is determined by the  

sca l e  height of atomic oxygen. Hence Willmore concludes t h a t  t he  photoioni- 
eat ion of atomic oxygen determires mainly the h e a t  inflow i n  the ionosphere 

below 600 k m  and the a l t i t u d e  course of Te 
t h e  increase of Te w i t h  he igh t  may be explained, according t o  Willmore. 
by heat inflow at the expense i f  photoelectron d i f fus ion  from below, provided 
the chief  mechanism of heat losses  is t h e  conductance i n  t h e  e lec t ron  gas 
and not the collisions w i t h  posi t ive ions. 

detected on A r i e l - 1 .  Above 800km 
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suo 

It ixl hbre6t ing  t o  note that t i intraq ts A t f s P - l ,  xao var ia t ions  

of T, with height ucre revealed on Explorer-8 (1960) at e l t i t u d e s  > 400m 
Cz41 , 

(T, h )  In variotus years and I n  di f fe ren t  experiment6 c24- 26, 371, inclu- 
ding those in tise of isolated launchinga of Japansee and American rockets 
C38- 413. I n  s p i t e  of the imperfection of rocket experimental methods de8- 
cribed in thI.3, tbe results of measurements of Ti are shorn by darrhes i n  
Fig, 4 , s i n c e  th t ee  da t a  are in accord with the a l t i t u d e  d i s t r i b u t i o n  of 
concentration obtained w i t h  the h e l p  of  Langmuir sondes. F i g . 4  i l l u s t r a t e s  
graphical ly  the insuf f ic iency  of avai lable  information f o r  ascer ta ining t h e  

a l t i t u d e  dependence of Te and Ti i n  the upper ionosphere. 

Presented i n  Fig. 4 the areasurements of Te and TIia coordinatecl 

A 

- I jy&U-+ b I 1 

-t 

mw c A 

.Lt x .  



2. -Lat i tude  Dependence.- Bs w a s  es tabl ished above, teaperatwe 
equilibrium i s  absent in daytime at  high la t i tudes .  I n  the equator ia l  re- 
gione, aceording t o  da ta  on incoherent ecattering C42lof 1963, in the  200- 

3150 hm a l t i t u d e  range Te /Ti is near 2 with maximum a t  275 km; above 4Wkm 
T e / T i  el, with the upper limit of t h i s  r a t i o  being equal t o  1.2. 

The e lec t ron  temperature increaaes with the  la t i tude .  Sfiown i n  F i g . 5  
26 the  l a t i t u d e  course of Te according t o  da ta  from Ariel-1 E263 of 1962, and 

of Explo re r42  C433 (1964). The experiment on Explorer-22 wae conducted Under 
the most favorable conditions for ascertaining the l a t i t u d e  couree of T,. The 
satel l i te  had an approximately c i rcu lar  o r b i t  at 1OOOkm height and an incli- 
nat ion  of 80’. 

4 

-n -69 -so -M -JO -20 -u o x7 zo M 40 50 60 70 80 
0 ‘““7 ne&* I a i L t u 6  

Fig, 5. - Latitude course of e lec t ron  temperature according 
t o  da ta  from Ariel-1 (so l id  curves) and Explorer-22 (dashed 

1- l O O O h ,  12 - 1500 hrs;  2 - 1000 h, 18 00 h r s ;  3- 600 km, 
UOOhrs ;  4 -  1200km, 2400hrs ;  5- 400 km, 1 2 0 0 h r s ;  6- 
lOoOkm, 0300 hrs;  7- 1OOOkm, 2 4 0 0 h r s  ( l o c a l  time). 

and dash-dotted l i n e s ) .  

The maximum gradient of Te was observed on Ariel-1 a t  l a t i t u d e s  220° 
and the mean l a t i t u d e  gradient i n  daytime w a s  equal t o  8* K on l o l a t i t u d e .  

On the equator the daytime temperature a t  400km w a s  equal t o  9OOoK 
(Fig. 5 )  and a t  60° l a t i t u d e  t o  14OOOK.  It may be seen from Fig. 5 t h a t  t h e  
a l t i t u d e  temperature gradient w a s  a l s o  observed on A r i e l - 1  in the  eq a t o r i a l  
l a t i t u d e s ,  being at the same time about i d e n t i c a l  for grea t  heights as at 
high la t i tudes .  

of ion temperature, determined by peak w i d t h s  corresponding to oxygen ionsL553). 
(Observed on Ariel-1 w a s  a l so  a s ign i f i can t  l a t e i t u d e  graddent 



15 

According t o  data of E x p l ~ r e r - 2 2 ~  the  l e t i t u d s  .rariatinrrs of elec- 
t r o n  tenpara twe in daytime a r e  st i l l  more e igni f icant  than those shown by 
data from Ariel-1. The mean gradient is -20' per degree l a t i t u d e ;  at  the 
8ame timet in the winter hemisphere (Northern l a t i t u d e s )  the temperatures 
ere higher, the var ia t ions  w i t h  l a t i t u d e  are nore s ign i f i can t  and the maxi- 
mum sets in a t  lower l a t i t u d e s  than i n  the  Southern hemisphere. The -tiare 
temperature on t he  equator at 1000 km a l t i t u d e  is ~ 2 4 0 0 ~ K .  A t  33- 40' N, 
l a t i t u d e  Te i e  about equal t o  3 h O ° K ,  while i n  the Southern hemisphere the  
maximum temperature of - 3000° corresponds t o  the l a t i t u d e  - 50's. 
The mnrfmnm gradient of -20' per degree of l a t i t u d e  (same 86 on Explorer-22) 
w a s  observed at middle la t i tudes .  

The iacrease3f  Te with l a t i t u d e  w a s  a l s o  revealed on Explorer-17 [&I. 

There are attempts t o  explain the l a t i t u d e  course of temperature 
according t o  t h e o r e t i c a l  models, by l a t i t u d e  va r i a t ion  of e lec t ron  concen- 

t r a t i o n  at  the given a l t i t u d e  C36, 433. 

the  F-layer, where the basic  ro le  i n  the cooling of e lec t ron  gas is played 
by uo l l i s ions  with neu t r a l  pa r t i c l e s ,  t h e  thermal balance equation is writ- 
t en  as follows : 

In accord with the  Haneon and Dalgarno ca lcu la t ions  C17, 183, in 

and the electron temperature m u s t  vary inversely-proportionally t o  e lec t ron  
concentration i n  the caee when Q does not vary w i t h  l a t i t u d e .  

I n  the F2-layer, and higher t o  1000 km, where cooling takes place at 
the expense of i n t e rac t ion  w i t h  ions,  the e lec t ron  temperature must vary 
inversely-proportionally t o  the square of e lec t ron  concentration, as t h i s  
follows from formula (4). 

At grea t  heights  the electron temperature is determined by the con- 
ductance of the e lec t ron  gas and the concentration of e l ec t rons -  by di f fu-  
s ion  processes, and Te must not depend on ne. 

The l a t i t u d e  var ia t ions  of a l t i t u d e  profiles of + a r e  determined 
by the geomagnetic f i e l d ,  as i t  follows from measurements w i t h  the a i d  of  
the airborne ionospheric s t a t i o n  Alouette-1. An equator ia l  anomaly in the 
d l s t r ibu t ion  of n, with l a t i t u d e  was i n  particular revealed with the aid 
of the lat ter.  It w a s  found that  the l a t i t u d e  ion iza t ion  maximum about from 
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1000to 2200hours  l o c a l  time ia l oca t e s  along the  magnetic l i n e s  o f  force 
rest ing on the l a t i t a d e s  215' and rising t o  1000 km frcigbt above the equza- 

t o r  C35 3 . 
t i o n  according t o  d a t a  ofAlooatfX+land of e l ec t ron  temperature from Ariel-1 
are both l inked  by a dependence fo recas t  by the theo re t i ca l  computations 
of Hanson E183 (formula (4) ) ,provided  the u l t r a v i o l e t  r ad ia t ion  and the 
mechanism of 105Se5 do not  depend on l a t i t ude .  

It may bo ehown t h a t  such a l a t i t u d e  cou.rse of e lec t ron  eonoentra- 

The above described co r re l a t ionsa re  bas i ca l ly  f u l f i l l e d ,  ae is made 

evident by the  simultaneous var ia t ions  of Te and ne on Explorer-22 [43] and 
Explorer-17 . 

NIGHT TPIPEBflURES 

For the  night  hours the r a t i o  Te /Ti cd 1 according t o  data  on the  

incoherent s c a t t e r i n g  for equator ia l  l a t i t udes .  
According t o  Bowles [45], in 1962 on the equator E, PS 600° K a t  night. 

This  figure $8 in accord with the da ta  of Harris and Priester model C461. 
The night  temperatures a l s o  disclose a la t i tude  course, rising with 

l a t i t u d e  increase. According to  da ta  of Ariel-1 C26I at 1OOOkm in the night  
time Te riseer from 800°K a t  t h e  equator t o  values of 1400 K at  60' lV.g.lat. 

According t o  da ta  from Explorer-22 the night  temperature at lo00 hm 
height i n  the 20 t o  30° No l a t i t u d e  i n t e r v a l  is  about constant and equal t o  
8 O O O K ,  but increases  nearly threefold i n  the 50 - 70' N.latitude range. 

Evans poin ts  out t h a t  there i s  a s m a l l  def lect ion f o r  the e igh t  
hours of temperature equilibrium i n  the F-region, with the value of the 
nighttime r a t i o .  Te/Ti at 300 km a l t i t u d e  i n  the  s o l a r  a c t i v i t y  minimum 
being e s s e n t i a l l y  dependent on the season. In the  summer i t  is-1.2,  while 
i n  winter 

0 

i t  may reach - 2  C33, 473. 
According t o  measurement da t a  of C26, 43, 481, t h i s  def lect ion be- 

cones cleaxly expressed a t  nearing the high l a t i t udes .  
Nighttime rocket measurements at middle  l a t i t u d e s  have shown t h a t  

there  is a s m a l l  difference between Te and Tne,tr and a tendency of Te t o  
increase with height. 

I n  order t o  explain such a night course of e lec t ron  temperature 
we must assume t h a t  there  e x i s t s  a heat source a t  nighttime, whose i n t e n s i t y  



cons t l t u t e s  '304% of t h a t  of u l t r a v i o l e t  source C361. One of the possible 
explanations of night  temperatures in the F-layer i s  given in Clg], ae w a s  
a l ready mentioned. 

Another came of n ight  ionosphere heat ing may be the presence of 
electr ic  fields detected by d i r e c t  methods fo r  the pas t  f e w  years C49, 503. 

sphere heat ing was also brought f o r t h  in the works C28, 311. 
The asmmption of e l e c t r i c  field8 as being sources of night  iono- 

G O  W C  L U S  I O N  

Thus, the coincidence of the above presented da ta  on the temperatures 
of i ons  and e lec t rons  i n  the ionosphere e n t a i l s  the following c o n c l ~ s i o ~ .  

1. - The temperature equilibrium in the  ionosphere is absent; at the  
same time, def lec t ions  from equilibrium in daytime at F-layer heigkt a t  a l l  

l a t i t u d e s  reach a s u b s t a n t i a l  value (Te / T i  = 2 and 3). 

2.- A t  low l a t i t u d e s  i n  daytime and a t  great  heights  the ra t io  
Te /T5- 1.1- 1.3, while a t  high l a t i t u d e s  i t  may be greater ( N1.6). 
should be s t r e s sed  t h a t  theee data refer t o  a period near the Solar a c t i v i t y  
maxtmum. 

It 

3.- The night  temperatures of ions and e lec t rons  are about equal  on 
the equator8 at high l a t i t u d e s ,  a t  nearing the aurora tone there  is observed 
at the  height of the F-layer a deflect ion from temperature equilibrium which 
may reach a s ign i f i can t  value. 

4. -The e lec t ron  temperature increases  with the l a t i t ude .  
So far, the explanation of l a t i t u d e  dependence of e lec t ron  temperatu- 

re, c l e a r l y  out l ined in the experiments on Ariel-1 and Explorer-22, and in-  
d i r e c t l y  corroborated by the incoherent s c a t t e r i n g  method, appears t o  be 

l i t t l e  sa t i s fac tory .  
The explanation given in connection with the Hanson model is fo rua l  

i n  essence, s ince so far i t  w a s  not possible t o  compute theo re t i ca l ly  the 
d i s t r ibu t ion  of ne with l a t i tude .  The theory, s a t i s f a c t o r i l y  describing 
the equator ia l  anomaly is semiphenomenological and is based upon the hypo- 
t h e t i c a l  assumption t h a t  ambipolar diffusion in the  ionosphere above the 
F-layer is  possible only  along the l i n e s  of force of the magnetic f i e l d ,  
while the diffusion equilibrium is a l s o  sustained along them C51-91. 



The e q l a n a t t o n  of the l a t i t u d e  course of temperature by difference 
in heat transfer conditions along the magnetic tubes of force a t  variorrs la- 

t i t u d e s  still requi res  fu r the r  calculation6 c191. 

5.- Relative the a l t i t ude  ctotlcse of temperatures, the  following may 
be e ta t td .  

According t o  da ta  of rocket measurements in qu ie t  and disturbed iono- 
sphere the temperature Te may vary with a l t i t u d e  r a the r  s ign i f i can t ly  t o  
height  of 400 l u n g  at the same time negative gradient are observed. 

The question of a l t i t u d e  dependence of T, and Tiabove 400 km still 
remains open and It is quite indispensable t o  accumulate a new f a c t u a l  mate- 
rial f o r  its solution. Experimente on e a t e l l f t e s  a l l o w  t o  obtain a grea t  
number of data: however, they have such shortcomings, whereby i t  is difficult  
t o  separate  the a l t i t ude ,  longitude and l a t i t u d e  effeote.  That is why i t  is 
necessary t o  tudertaLe launcbings of a l t i t u d e  rockets  with sounding measure- 
mente of e lec t ron  temperature, this being the most r e l i a b l e  method f o r  obtai-  
ning more accurate da ta  on the a l t i t u d e  course of temperature. 

60 -Measurements of ion temperature a re  so f e w  t ha t  i t  is present ly  
impossible t o  derive any conclusions on the r e g u l a r i t i e s  of T i  var ia t ions  
from them. I n  the fu ture  I t  w i l l  be necessary t o  carry out, alongside with 

measurements of e lectron temperature and of t h a t  of neu t ra l  components, expe- 
riments f o r  the determination of  t he  ion temperature, inasmuch as i t  follows 
from theoretical .  ca l cu la t ions tha t  at  he ights  above lo00 km, T i #  Tneatrfi.  

7.- Comparison of calculation and experimental Values of Te and Ti 
a t t e s t s  t o  the necessi ty  of broadening the d i r ec t  measurements of ion and 

e lec t ron  temperatures, and of accumulating information on such thermal sour- 
ces9  aa the e l e c t r o s t a t i c  f i e lds ,  hydromagnetic waves and f luxes of charged 
energet ic  pa r t i c l e s .  

The authors are gra te fu l  t o  K. I, Gringaue for the  useful  discussions, 
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